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Introduction {#sec001}
============

Pelvic floor dysfunction is a prevalent disabling condition with suboptimal treatment. Women with pelvic organ prolapse (POP) suffer from urinary incontinence or retention, chronic pelvic pressure, fecal incontinence or obstruction, sexual dysfunction, social embarrassment and isolation. Up to 12.6% of women have surgery for POP in their lifetime \[[@pone.0152793.ref001]\]. Regrettably, of 400,000 operations performed for incontinence and prolapse per year, 116,000 are repeat operations (i.e., 29%) \[[@pone.0152793.ref002], [@pone.0152793.ref003]\].

Little is known regarding the pathogenesis of POP. Mouse models indicate that compromise of elastogenesis \[[@pone.0152793.ref004]--[@pone.0152793.ref006]\], together with upregulation of proteases \[[@pone.0152793.ref007], [@pone.0152793.ref008]\] play a role in the pathogenesis of POP. Specifically, *LOXL1* knockout mice develop POP both as a function of age and after parturition \[[@pone.0152793.ref005], [@pone.0152793.ref009]\]. Mice deficient in fibulin-5 (Fbln5) develop prolapse as a function of age even without vaginal delivery (90% by 6 months of age) \[[@pone.0152793.ref004]\]. *Fbln3* knockout mice also develop prolapse as a function of age (*27%* \[[@pone.0152793.ref010]\]). Interestingly, although these animal models exhibit elastinopathies at birth, POP does not develop until later in life \[[@pone.0152793.ref011]\]. This observation suggests that abnormal elastic fibers, alone, may not be sufficient to induce prolapse, but that other factors acquired during parturition and aging, together with abnormal elastic fibers, lead to prolapse. One of these factors is likely activation of MMP-9. MMP-9 activity is increased dramatically (i) after vaginal delivery \[[@pone.0152793.ref008]\], (ii) after vaginal distention injury \[[@pone.0152793.ref007]\], and (iii) several weeks prior to the onset of prolapse in *Fbln5*^*-/-*^ mice \[[@pone.0152793.ref011]\] and (iv) after estrogen withdrawal \[[@pone.0152793.ref012]\]. Moreover, MMP-9 is strikingly upregulated in the vaginal wall of women with prolapse \[[@pone.0152793.ref013]--[@pone.0152793.ref015]\] and has recently shown to be genetically linked \[[@pone.0152793.ref016]\]. Elastic fiber defects alone, however, are insufficient to activate MMP-9 because increased activity was not observed in aorta or skin from *Fbln5*^*-/-*^ animals \[[@pone.0152793.ref014]\].

The two major risk factors for POP in humans are history of vaginal delivery and aging \[[@pone.0152793.ref003], [@pone.0152793.ref017]\]. Fbln5 has been shown to be downregulated in pelvic floor connective tissues of women with prolapse compared with controls \[[@pone.0152793.ref018]\]. Further, Fbln5 is cleaved with age (29), and protease inhibitors that limit elastic fiber degradation are lost in the vaginal wall of humans and mice with age \[[@pone.0152793.ref018]\]. Thus, loss of Fbln5 with age may lead to increased MMP-9 in connective tissues of the pelvic floor. In most organs, elastogenesis is complete after development with little or no elastic fiber renewal during adulthood. The female reproductive tract is unique with evidence of continuous remodeling and regeneration of elastic fibers \[[@pone.0152793.ref019], [@pone.0152793.ref020]\]. Hence, downregulation of vaginal Fbln5 may also lead to compromised renewal of elastic fibers in the vaginal wall. Here, we hypothesized that acquired loss of Fbln5 after the developmental time period (e.g., during pregnancy and after parturition or with aging) may result in POP due to compromise of elastogenesis or failure to suppress MMP-9 in connective tissues of the pelvic floor.

Materials and Methods {#sec002}
=====================

Generation of conditional tissue-specific Fbln5 deficient mice {#sec003}
--------------------------------------------------------------

To control the temporal expression of Cre recombinase in vivo, we employed an inducible tetracycline (Tet) Cre-*lox*P system. Transgenic mice harboring rtTA under the control of the smooth muscle α actin promoter (obtained from Dr. Mike Shipley, Washington University, St. Louis, MO) (hereafter referred to SMA^++^) were mated with tetO-Cre transgenic mice (obtained from Dr. Andreas Nagy, Mount Sinai Hospital, Toronto) to generate double transgenic mice. In these mice, administration of doxycycline results in expression of Cre recombinase in vaginal stromal cells, myofibroblasts, and smooth muscle cells. The targeting approach is illustrated in [Fig 1](#pone.0152793.g001){ref-type="fig"}. Two *lox*P sites flanked alternative exons 1a and 1b of Fbln5 and a neomycin resistant gene (*Neo*^*r*^), which is flanked by FRT sites. Lengths of the short, middle and long arms are approximately 1.5 kb, 1 kb and 7.0 kb, respectively. A targeting vector was constructed using 129SvEv genomic DNA and the linearized vector was electroporated into SM-1 ES cells as previously reported \[[@pone.0152793.ref021]\]. A mutant allele containing the *Neo*^*r*^ cassette and *lox*P sites (*Fbln-5*^neo-loxP^) was obtained by homologous recombination using positive selection with neomycin (G418) and negative selection with diphtheria toxin A (DTA). ES cells containing the correct targeted allele were then injected into blastocysts obtained from C57/Bl6 females. The resulting chimeric males were bred to C57Bl/6 females for germ line transmission.

![**A. Targeting strategy.** The exons 1a through 4 are numbered. Wild-type, targeting vector, targeted alleles (*neo-loxP*, *loxP*, *and KO*) are shown. *FLPe*-mediated excision removes a *Neo*^*r*^ cassette to generate *Fbln5*^*loxP*^ allele and Cre-mediated excision removes exons 1a and 1b to generate a null allele. DTA: Diphtheria Toxin A; H: Hind III; Xb: Xba I; Xo: Xho; Kp: Kpn I; B: Bam HI; RI: Eco RI, Sc: Sac I. **B.** Confirmation of mutant alleles by genomic PCR. Amplification with primer set A distinguishes *Fbln5*^*loxP*^ allele from wild-type (+/+) allele. Primer set B only amplifies *Fbln5*^*KO*^ allele. \* non-specific band.](pone.0152793.g001){#pone.0152793.g001}

*Fbln5*^*-/-*^ and *Mmp*^*-/-*^ mice were previously described \[[@pone.0152793.ref014], [@pone.0152793.ref022]\] and kept on a 12 h/12 h light/dark cycle. All animal experimental procedures were reviewed and approved by the Institutional Animal Care and Use Committees of the University of Texas Southwestern Medical Center and sacrificed by an overdose of Avertin (tribromoethanol, 500 mg/Kg) followed by exsanguination.

Tissue acquisition and processing {#sec004}
---------------------------------

Lung, skin, aorta, bladder, uterus and vagina from adult rats, embryonic females (E20-22) and neonatal rats (P1-2 and P5-6) were dissected, flash frozen in liquid N~2~ and stored at -80 C until processing. Vaginal tissues were obtained from mice by dissecting the entire vaginal tube from the cervix to the perineum. Rings of vaginal tissue were obtained either from the mid-vagina or from the elastase-injected posterior vagina and mounted in the transverse orientation for histology. The tube was then opened longitudinally, epithelium removed by scalpel, and 1/3 of the remaining vaginal muscularis was frozen in liquid N~2~ for zymography and 2/3 for immunoblotting.

Homogenization {#sec005}
--------------

Due to the small amounts of tissue from embryonic and postnatal rats, tissues were homogenized in 16 mM potassium phosphate pH 7.8, 0.12 M NaCl and 1 mM EDTA and 6 M urea for developmental studies. Thereafter, the homogenates were extracted overnight to obtain extracellular matrix proteins for immunoblot analysis. In the case of the mouse vaginal wall, frozen vaginal tissue was pulverized with a liquid nitrogen-chilled mortar and pestle. Tissue powder was then homogenized in basic buffer containing protease inhibitors (16 mM potassium phosphate pH 7.8, 0.12 M NaCl, 1 mM EDTA, 0.1 mM PMSF, 10 μg/ml pepstatin A, and 10 μg/ml leupeptin), and centrifuged at 10,000x *g*. The supernatant was then removed and the previous homogenization step repeated after resuspending the remaining tissue pellet in basic buffer. After removal of the second supernatant, the remaining tissue pellet was suspended in urea buffer (6.0 M urea in above basic buffer), homogenized, and placed on a rotating rack for overnight extraction at 4°C. Thereafter, the samples were centrifuged (10,000x *g* x 30 min) and the supernatant removed. Protein concentrations were determined using a BCA protein assay and standard curves of BSA in appropriate buffers.

Immunoblot analysis {#sec006}
-------------------

Total protein (20 μg/lane) was applied to 4--20% Criterion gradient polyacrylamide gels (BioRad, Hercules, CA), separated by electrophoresis, and transferred to nitrocellulose membranes overnight at 4 C. To ensure equal protein loading, identical gels were run side-by-side for Coomassie staining. Nitrocellulose membranes were placed in blocking buffer (10 mM Tris HCl, pH 7.5, 0.15 M NaCl, 0.1% Tween 20, 2% nonfat powdered milk, 0.01% thimerosol) for 1 hour at 37 C and incubated with primary antibody for 1 hour at 30 C. Membranes were then washed with TBST (10 mM Tris HCl, pH 7.5, 0.15 M NaCl, 0.1% Tween 20) for 5 min x 3, an enhanced detergent wash (TBST, NP 40 0.05%, 3 mM sodium deoxycholate, and sodium dodecyl sulfate 0.1%) for 7 min x 3, and again with TBST for 5 min x 3. Thereafter, the blot was incubated with second antibody (goat IgG-HRP conjugate 1:8000) at room temperature for 1 hour. The membrane wash protocol was repeated, followed by incubation with Western Lightning Chemiluminescence Reagent Plus (Perkin-Elmer, Boston, MA). Signal strength was captured using a Fujifilm FLA 5100 image capture system. Protein band density was calculated using Image J software (ImageJ 1.46r, NIH) and normalized to total protein loaded quantified on Coomassie-stained gels. The relative signal strength per μg of urea-extracted protein was calculated and normalized to an extract which served as an standard on each blot. Rabbit anti-rat FBLN5 (BSYN1923) was used at 1:250 dilution. Rabbit anti-mouse tropoelastin was obtained from Elastin Products (Owensville, MO).

Histomorphology {#sec007}
---------------

Vaginal rings were fixed in neutral buffer formalin (10%). Tissues were subsequently processed and embedded in paraffin blocks. Cross-sections of each vaginal ring were stained with Hematoxylin and Eosin or Hart's stain. Images of each section were captured and analyzed using a Nikon E1600 microsocpe and Nikon NIS Elements AR software (Melville, NY). Adjacent images (6--10 images per specimen) of Hart's stained sections at 400X were converted to grey scale and calibrated. The binary set function was used and threshold set to 100 for all sections to outline all elastic fibers. The region of interest (ROI) was outlined to exclude epithelium. Fractional area of elastic fibers relative to ROI, length, circularity and elongation and number of fibers in each section were computed.

Zymography {#sec008}
----------

Gelatin zymography was performed as described \[[@pone.0152793.ref010]\]. Briefly, tissues were homogenized with buffer (10mM Tris, 150mM NaCl, 10mM CaCl2, and 0.1% Triton X-100, pH7.4), centrifuged at 16,000 g for 15 min at 4°C, and the supernatant was used for assay. Protein (5 μg) was applied to 10% gelatin polyacrylamide minigels in standard sodium dodecyl sulfate loading buffer containing 0.1% sodium dodecyl sulfate. After electrophoresis, gels were soaked in renaturing buffer (2.7% Triton X-100 in distilled water) in a shaker for 30 min with one change after 30 min to remove sodium dodecyl sulfate. Gels were soaked in assay buffer (50 mM Tris, 200 mM NaCl, 10 mM CaCl~2~, 0.05% Brij 35, pH 7.5) for 16 h at 34°C and stained with Coomassie Brilliant Blue-R 250 in 50% methanol and 10% acetic acid followed by destaining with 25% methanol and 7% acetic acid. Areas of lysis were analyzed using a Fuji LAS 3000 image analysis system (Fujifilm Life Science, Tokyo, Japan).

Statistical Analysis and Power Calculation {#sec009}
------------------------------------------

Statistical comparisons between groups were conducted by Student's t test or, for multiple groups, one-way ANOVA using Dunnet's comparison of means. P values ≤ 0.05 were considered significant. Based on the variability determined from pilot studies, we used a 2:1 disease: control ratio to estimate a sample size of 5 controls and 9 prolapse to detect a 2-fold increase in elastase-induced prolapse development with a power of 0.80 and an alpha of 0.05.

Results {#sec010}
=======

Expression of tropoelastin and Fbln5 during development and adulthood {#sec011}
---------------------------------------------------------------------

Elastin is produced in early development, reaching peak levels in the third trimester of fetal life \[[@pone.0152793.ref023], [@pone.0152793.ref024]\]. In most tissues, elastic fiber synthesis steadily decreases during early postnatal development and ceases in adults. Recent evidence, however, suggests that elastic fiber renewal occurs in the adult female reproductive tract especially after parturition \[[@pone.0152793.ref020], [@pone.0152793.ref025]\]. Thus, our initial experiments were conducted to compare levels of Fbln5 and tropoelastin in the vagina with that of other adult elastic tissues, and to compare expression patterns of these two proteins in various tissues from early postnatal development until adulthood. Rats were used as an experimental model. Matrix-bound Fbln5 is solubilized by extraction in 6 M urea. Although immature newly-synthesized tropoelastin is solubilized in urea, fully mature cross-linked elastic fibers are not. In resting adult connective tissues, Fbln5 was enriched in aorta, skin, vagina and cervix but low to nondetectable in lung, bladder, and uterus ([Fig 2A and 2B](#pone.0152793.g002){ref-type="fig"}). On P5-6, Fbln5 expression was similar to that in adults. Interestingly, however, the molecular size was decreased in the postnatal time period, suggesting possible changes in glycosylation or alternative splicing of the amino terminus in the adult aorta. In skin, Fbln5 expression was decreased in the adult relative to P5-6, but Fbln5 expression was maintained in the adult vagina. Soluble extracted tropoelastin expression was evaluated in urea extracts from adult and postnatal tissues ([Fig 2A and 2C](#pone.0152793.g002){ref-type="fig"}). Extracted tropoelastin monomers were poorly expressed in the adult aorta relative to tropoelastin dimers extracted from skin and bladder. Interestingly, urea-extracted tropoelastin was highly expressed in the aorta and lung on P5-6, but not in the adult aorta or lung, suggesting that elastin turnover (or newly synthesized tropoelastin) is complete in adult aortic and lung tissue. In contrast, solubilized tropoelastin was expressed in both adult and postnatal vaginal tissues, suggesting the possibility of continuous formation of elastic fibers.

![Expression of Fbln5 and urea-extractable tropoelastin (TE) in tissues from adult and postnatal (P5-6) rats.\
**A. Representative immunoblot of Fbln5 (upper blot) and tropoelastin (TE, lower) of adult and postnatal tissues**. Coomassie-stained gel of protein extracts shown as an index of protein loading. Tissues were homogenized directly in urea buffer and extracted overnight. **Ao**, aorta; **Lu**, lung; **Sk**, skin; **Va**, vagina; **Bl**, bladder; **Ut**, uterus; **Cx**, cervix. Quantification of Fbln5 (**B**) and tropoelastin (**C**) in urea extracts of adult tissues. Data represent mean ± SEM of 3--4 tissues in each group. \*p\<0.05; \*\*p\<0.05 compared with vagina as the control, ANOVA with Dunnett's post hoc testing](pone.0152793.g002){#pone.0152793.g002}

A more detailed time course of Fbln5 and tropoelastin protein content was determined during development ([Fig 3](#pone.0152793.g003){ref-type="fig"}). Fbln5 content in the aorta increased from E20 to P5 and was maintained in the adult ([Fig 3A](#pone.0152793.g003){ref-type="fig"}). In the lung, Fbln5 content was less than in the aorta with maximal levels on P1 decreasing to almost undetectable levels in adults. Vaginal Fbln5 content was similar to that of the aorta and was maintained at high levels in the adult. Although embryonic and postnatal skin was also enriched in Fbln5, Fbln5 decreased significantly in adult skin ([Fig 3A](#pone.0152793.g003){ref-type="fig"}). Fbln5 was poorly expressed in postnatal (E20-P5) and adult bladder and uterus ([Fig 2A](#pone.0152793.g002){ref-type="fig"} and data not shown). Although Fbln5 increased during development with maximal levels in the adult aorta, the opposite trend was observed for tropoelastin ([Fig 3B](#pone.0152793.g003){ref-type="fig"}). In the early postnatal aorta, extractable tropoelastin was highly expressed falling to almost nondetectable levels in the adult. Likewise, in lung and skin, extractable tropoelastin content decreased after birth. This pattern of extractable tropoelastin protein in adult connective tissues differed significantly in the vagina in which tropoelastin remained extractable throughout embryonic and adult life. Although Fbln5 was poorly expressed in the bladder, TE dimers were extracted in both postnatal and adult bladder ([Fig 2A and 2C](#pone.0152793.g002){ref-type="fig"}).

![Expression of Fbln5 and urea-extractable soluble tropoelastin (TE) in tissues as a function of development in rats.\
Quantitative amounts of Fbln5 (PANEL A) and extracted tropoelastin **(B)** normalized to coomassie-stained protein in aorta, lung, vagina, and skin. Data represent mean ± SEM of 3--4 tissues in each group. **RU**, Relative Units, **E20**, embryonic day 20, **P1**, postnatal day 1; **P5**, postnatal day 5 \*p\<0.05 ANOVA with Dunnett's post hoc testing with E20 as the control](pone.0152793.g003){#pone.0152793.g003}

Taken together, these studies indicate that in most connective tissues, extractable tropoelastin decreases after development. Likewise, in the lung and skin, Fbln5 expression decreases after development. In contrast, Fbln5 is highly expressed in the vagina during development and in the adult. Further, tropoelastin remains extractable during all stages of development. It has been shown that elastogenesis plays a crucial role in maintenance of pelvic organ support in female mice \[[@pone.0152793.ref004], [@pone.0152793.ref005], [@pone.0152793.ref010]\]. Our data demonstrating maintenance of both Fbln5 and extractable tropoelastin proteins in the matrix of the adult vaginal wall support the hypothesis that elastic fiber turnover may be unique in the vagina compared with other connective tissues. This adaptation may facilitate renewal of elastic fiber networks and thereby contribute to recovery of vaginal connective tissues after childbirth or surgical injury.

Generation of tissue-specific Fbln5 knockout mice {#sec012}
-------------------------------------------------

To test the hypothesis that synthesis of Fbln5 in the vagina is crucial for maintenance of pelvic floor support after completion of elastogenesis, tissue-specific conditional knockout (cKO) mice were generated in which doxycycline treatment would result in deletion of Fbln5 in cells that utilize the smooth muscle α actin promoter (i.e., vaginal stromal cells, myofibroblasts, and smooth muscle cells, [Fig 1](#pone.0152793.g001){ref-type="fig"}).

In these animals, doxycyline treatment (2 mg/ml in 5% sucrose water x 3 weeks) resulted in significant loss of Fbln5 protein levels in the vagina relative to that of vaginal tissues from doxycycline-treated wild type or *Fbln5*^f/f^/SMA^++^/Cre^-/-^ mice (negative controls) ([Fig 4A and 4B](#pone.0152793.g004){ref-type="fig"}). Loss of Fbln5 was variable among animals. Whereas some doxycycline-treated cKO (*Fbln5*^f/f\ or\ f/-^/SMA^++^/Cre^+/+^) mice (\~10%) exhibited vaginal Fbln5 levels similar to that of wild type (for example, compare lanes 2, 3, and WT), Fbln5 was barely detectable in 33% and moderately suppressed in the rest. Overall, Fbln5 levels were 50% and 20% that of controls in Fbln5^fl/fl^ and Fblin5^fl/-^ animals, respectively ([Fig 4B](#pone.0152793.g004){ref-type="fig"}). cKO animals were healthy and exhibited normal breeding and fecundity. Like *Fbln5* heterozygote mice \[[@pone.0152793.ref007]\], partial loss of Fbln5 was accompanied by upregulation of vaginal MMP-9 ([Fig 4C](#pone.0152793.g004){ref-type="fig"}). Conditional knockdown of Fbln5 did not alter elastic fiber morphology ([Fig 4D](#pone.0152793.g004){ref-type="fig"}, [Table 1](#pone.0152793.t001){ref-type="table"}). Virginal cKO and negative controls were observed for one year with weekly measurements of pelvic organ support. As shown in [Fig 4E](#pone.0152793.g004){ref-type="fig"}, pelvic organ support (perineal body length shown) did not differ between nonpregnant controls and cKO (*Fbln5*^f/f^/SMA^++^-rtTA/Cre^+^) animals. Specifically, spontaneous prolapse was not detected up to one year after doxycycline treatment ([Fig 4E](#pone.0152793.g004){ref-type="fig"}).

![Expression of Fbln5 in targeted mice.\
rtTA/*Fbln5*^f/f^/SMA^++^/Cre^-^, rtTA/*Fbln5*^f/-^/SMA/Cre+, or rtTA/*Fbln5*^f/f^/SMA^++^/Cre^+^ mice were treated with doxycycline as outlined in Materials and Methods. Thereafter, Fbln5 was quantified in the fibromuscular layer of the vaginal wall. **A.** Representative immunoblot and coomassie stained protein gel. **B.** Quantification of Fbln5 in vaginal urea extracts from *Fbln5*^f/f^/SMA^++^/Cre^-^ (n = 7, solid bar), *Fbln5*^f/f^/SMA/Cre+ (n = 9, open bar), or *Fbln5*^f/-^/SMA^++^/Cre+ (n = 7, grey bar) normalized to protein content. Tissue extracts from wild type (**WT)** animals were used as a standard on each gel. \*p \< 0.05 compared with Cre- animals, ANOVA followed by Dunnett's test using WT as control. **C.** Gelatin zymography of soluble protein extracts from *Fbln5*^f/f^/SMA^++^/Cre^-^, *Fbln5*^f/-^/SMA/Cre+, or *Fbln5*^f/f^/SMA^++^/Cre+. Purified proMMP (**+ctl**), protein from **Fbln5**^**-/**-^, and **Mmp9**^**-/-**^ vaginal tissues were used as positive and negative controls. **D.** Hart's stain of mid-vagina from *Fbln5*^f/f^/SMA^++^/Cre^-^ (**a. Cre-**) or *Fbln5*^f/f^/SMA^++^/Cre+ (**b. Cre+**) mice in basal conditions. Vaginal wall from age-matched Fbln5^-/-^ mouse shown in **c** (**Fbln5**^**-/-**^). Arrows indicate elastic fibers. **epi**, vaginal epithelium; **lp**, lamina propria; **m**, muscularis. Bar = 40 μm. Note decreased magnification in **c** to illustrate paucity of fibers. **E.** Effect of Fbln5 cKO on spontaneous development of prolapse as a function of age. Perineal body length was measured at 10--12, 20, and 52 weeks of age in *Fbln5*^f/f^/SMA^++^/Cre^-^ (**Ctl**, n = 3) and *Fbln5*^f/f^/SMA^++^/Cre^+^ (**cKO**, n = 4) mice. Magnitude of bulge did not differ among genotypes (not shown). All animals were treated with doxycycline at 6 weeks of age.](pone.0152793.g004){#pone.0152793.g004}

10.1371/journal.pone.0152793.t001

###### Quantification of elastic fibers and morphology in vaginal tissues from Cre- and Cre+cKO animals.

![](pone.0152793.t001){#pone.0152793.t001g}

  Group                  Elastic fiber area (%)                            Elastic fiber length (μm)                          Fibers \> 5 μm                                   Maximal fiber length (μm)
  ---------------------- ------------------------------------------------- -------------------------------------------------- ------------------------------------------------ -------------------------------------------------
  Baseline Cre^-^n = 3   8.9 ± 0.59                                        5.36 ± 0.7                                         10 \[8,12\]                                      28.8 ± 10.8
  Baseline Cre^+^n = 3   9.2 ± 0.51                                        5.42 ± 0.20                                        8 \[6,9\]                                        29.0 ± 3.4
  Cre^-^ Elastasen = 3   9.6 ± 0.21                                        4.99 ± 0.14                                        12 \[9,18\]                                      18.8 ± 4.2
  Cre^+^ Elastasen = 4   4.9 ± 0.76[\*](#t001fn002){ref-type="table-fn"}   2.31 ± 0.51[\*](#t001fn002){ref-type="table-fn"}   4 \[1,2\][\*](#t001fn002){ref-type="table-fn"}   13.6 ± 3.6[\*](#t001fn002){ref-type="table-fn"}

Data represent mean ± SEM, except number of fibers which is expressed as median \[range\].

\*p \< 0.05 compared with Cre- elastase-injected animals.

Together, these data indicate that partial loss of Fbln5 in the vaginal wall resulted in modest upregulation of vaginal MMP-9, normal elastic fibers in the vagina, and no prolapse, suggesting that, under normal physiological conditions, knockdown of Fbln5 after elastogenesis during development results in a normal phenotype but increased MMP-9 in the vagina.

Effect of parturition on pelvic organ support in cKO mice {#sec013}
---------------------------------------------------------

Next, we tested the hypothesis that normal Fbln5 levels are crucial for inhibition of MMP-9 and re-establishment of elastic fiber networks in the vaginal wall after parturition. cKO and negative controls were treated with doxycycline at 6 weeks of age. After 3 weeks, animals were mated and MOPQ measurements \[[@pone.0152793.ref011]\] were conducted before and after the first, second, and third pregnancy by examiners blinded to genotype ([Fig 5A](#pone.0152793.g005){ref-type="fig"}). In negative controls, perineal body length (PBL) increased significantly after delivery but declined to supra-baseline values within 6--8 weeks. These transient increases in perineal body length postpartum were more dramatic in subsequent pregnancies, even in negative controls. Interestingly, however, in cKOs, PBL measurements also increased significantly in the early postpartum period, but, unlike controls, parturition-induced increases in PBL did not recover to baseline. Rather, PBL remained increased in cKOs for 12 weeks postpartum. Although overt prolapse did not occur in cKO animals, even after three pregnancies, these results suggest that Fbln5 is important for full recovery of pelvic support from vaginal delivery.

![Effect of pregnancy and vaginal delivery on *Fbln5* cKO mice.\
**A.** Perineal body length was measured at time 0 (prior to pregnancy) and 12 h to 12 wks postpartum in *Fbln5*^f/f^/SMA^++^/Cre^+^ (**Preg cKO**, n = 7) and *Fbln5*^f/f^/SMA^++^/Cre^-^ mice (**Preg Ctl**, n = 6) during 3 pregnancies. **B.** Gelatin zymography of vaginal tissue extracts from *Fbln5*^f/f^/SMA^++^/Cre^+^ (**cKO**) and *Fbln5*^f/f^/SMA^++^/Cre^-^ (**Ctl**) mice 48 h postpartum. Vaginal tissue extracts from *Fblin5*^*-/-*^ (**Fib5 KO**) and *Mmp9*^*-/-*^ (**MMP9 KO**) mice were used as positive and negative controls. Lane 2 is blank. **C.** Immunoblot of Fbln5 in urea extracts of vaginal muscularis from wild type nonpregnant control **(WT NP**), **cKO**, and **Ctl** animals 48 h postpartum. Arrow denotes cleaved form. All animals were treated with doxycycline at 6 weeks of age, mated, and tissues collected after the first pregnancy.](pone.0152793.g005){#pone.0152793.g005}

To gain insight regarding the potential molecular mechanisms of this poor recovery from parturition in cKO animals, cKO and Cre- control vaginal tissues were collected 48 h after the first delivery and analyzed for MMP9 activity and Fbln5 levels ([Fig 5B](#pone.0152793.g005){ref-type="fig"}). Although pro-MMP-9 and MMP-2 levels were comparable between cKO and controls, active MMP-9 was increased in postpartum cKO animals ([Fig 5B](#pone.0152793.g005){ref-type="fig"}). Previously, we found that Fbln5 protein levels are suppressed in the vaginal wall of pregnant animals with partial recovery 48--72 h postpartum \[[@pone.0152793.ref004]\]. To determine if recovery was similar in cKO animals, Fbln5 levels were quantified in urea extracts of vaginal muscularis from postpartum cKO and negative controls using immunoblotting ([Fig 5C](#pone.0152793.g005){ref-type="fig"}). As expected, vaginal Fbln5 protein levels were decreased postpartum compared with nonpregnant controls. In contrast with resting nonpregnant animals, Fbln5 appeared as two immunoreactive proteins in postpartum animals consistent with full-length and a cleaved product of Fbln5 that does not support elastic fiber assembly \[[@pone.0152793.ref026]\]. Interestingly, during this vulnerable time during which the vagina recovers from parturition, protein levels of Fbln5 were virtually nondetectable in cKO animals even with overexposed immunoblots. Since Fbln5 was previously shown to inhibited fibronectin-induced upregulation of MMP-9 in vaginal stromal cells \[[@pone.0152793.ref014]\], this severe compromise of postpartum vaginal Fbln5 may contribute to upregulation of MMP-9 and compromised recovery of vaginal support after parturition.

Effect of elastase-induced injury of the vaginal wall {#sec014}
-----------------------------------------------------

Since mice do not experience traumatic injury during parturition, we sought to determine the impact of decreased levels of Fbln5 in the vaginal wall on recovery of pelvic organ support after elastase injury. This approach is accepted as a model system for connective tissue injury for aortic aneurysms \[[@pone.0152793.ref027]--[@pone.0152793.ref034]\] and emphysema \[[@pone.0152793.ref035]--[@pone.0152793.ref040]\]. Specifically, porcine pancreatic elastase (5 U in 100 μl) was injected transvaginally in 5 Cre^**-**^ and 9 cKO animals after DOX treatment. MOPQ measurements were recorded at 48 h. If prolapse was not obvious within 48 h by MOPQ examination, elastase was increased by 5 U. After MOPQ measurements, tissues were then collected 48 h from the distal posterior vagina after injection of 15 U transvaginally for assessment of Fbln5 content, MMP9 activity, and elastic fiber morphology ([Fig 6](#pone.0152793.g006){ref-type="fig"}). After the first injection, the magnitude of bulge increased in both Cre- controls (Ctl) and cKO animals but did not differ between the two groups. After the second injection (10 U), however, the magnitude of bulge was significantly increased in cKO which continued to increase after 15 U ([Fig 6A and 6B](#pone.0152793.g006){ref-type="fig"}). Perineal body length measurements also increased approaching statistical significance (6.5 ± 0.4, Ctl, compared with 7.2 ± 0.4 mm, cKO, *p* = 0.09). If bulge was \>95% CI of control animals, the animal was diagnosed with prolapse. In elastase-treated cKO animals, 8 of 9 developed prolapse (Stage 3, n = 3; Stage 2, n = 5). Although not altered in one Ctl mouse, Fbln5 content was decreased but detectable in vaginal tissues from Ctl animals injected with elastase ([Fig 6B](#pone.0152793.g006){ref-type="fig"}). In contrast, Fbln5 was not detectable in injected cKO animals. MMP-9 activity was increased in all elastase-injected vaginal tissues with no appreciable differences between Ctl and cKO ([Fig 6C](#pone.0152793.g006){ref-type="fig"}).

![Effect of elastase injection on *Fbln5* Cre+cKO mice.\
**A.** Purified porcine elastase was injected into the posterior vaginal wall in *Fbln5*^f/f^/SMA^++^/Cre^-^ (**Cre-**, **open bar**, n = 5) and *Fbln5*^f/f^/SMA^++^/Cre^+^ or *Fbln5*^f/-^/SMA^++^/Cre^+^ (**Cre**^**+**^, **solid bar**, n = 9). MOPQ measurements were recorded 48 h after 5, 10, and 15 U of elastase. Since effects of elastase did not differ among *Fbln5*^f/f^/SMA^++^/Cre^+^ (n = 4) compared with *Fbln5*^f/-^/SMA^++^/Cre^+^ (n = 5), data were combined as mean ± SEM. Magnitude of bulge shown. \*p \< 0.05 compared with Cre-. **B**. Immunoblotting of Fbln5 in urea extracts from elastase-injected vaginal muscularis of Cre- and Cre+cKO mice. F5^-/-^, negative control; Ctl, nonpregnant wild type; PP, 48 h postpartum wild type control indicating decrease in Fbln5. Coomassie gel indicated even loading (not shown). **C.** Gelatin zymography of Ctl and cKO vaginal extracts from elastase-treated mice. **D.** Hart's stain of posterior vaginal wall of elastase-injected Ctl (**a**) or cKO (**b**) mice.](pone.0152793.g006){#pone.0152793.g006}

The impact of elastase on elastic fiber morphology was distinct between Ctl and cKO ([Fig 6D](#pone.0152793.g006){ref-type="fig"}). In Ctl animals, elastic fiber length remained similar to that of untreated animals ([Fig 6D](#pone.0152793.g006){ref-type="fig"}, [Table 1](#pone.0152793.t001){ref-type="table"}). However, branches of the fibers reaching the basement membrane of the epithelium were absent with short remnants of fibers lining the subepithelium ([Fig 6D](#pone.0152793.g006){ref-type="fig"}). Although area of elastic fibers, circularity, and elongation were similar to noninjected controls, as expected, maximal fiber length was decreased modestly ([Table 1](#pone.0152793.t001){ref-type="table"}). Treatment of cKO animals resulted in significant loss of elongated elastic fibers ([Fig 6D](#pone.0152793.g006){ref-type="fig"}). Like Ctl animals, a layer of transected fibers lined the subepithelium. Elastic fiber area, length, and elongation were decreased significantly in elastase-injected cKO animals. Further, the number of fibers \> 5 μm and maximal fiber length were decreased ([Table 1](#pone.0152793.t001){ref-type="table"}). Results indicate that cKO, but not Ctl, develop significant prolapse, loss of Fbln5, and reduced elastic fiber integrity after elastase injection suggesting that vaginal Fbln5 is crucial for protection from protease-induced degradation of elastic fibers.

Discussion {#sec015}
==========

To understand the function of Fbln5 in pelvic organ support after parturition or injury in adults that have baseline normal elastic fibers, we generated mice deficient in Fbln5 in alpha-SMA-positive vaginal stromal cells and smooth muscle cells. We expected that failed up-regulation of Fbln5 in the vagina after injury or parturition would lead to the development of vaginal/uterine prolapse due to a failure of proper elastic fiber remodeling (i.e., rebuilding of the elastic fiber network). Our present study, however, showed that compromise, but not complete loss, of Fbln5 in the vaginal wall led to (i) subclinical prolapse with parturition that accumulates with increasing number of deliveries, and (ii) overt prolapse only with elastase-induced injury.

For many years, it was believed that POP was unique to bipedal species. Although puerperal inversion of the uterus (i.e., organ "inside-out") is fairly common in sheep and cattle, loss of vaginal, bladder, and rectal support (POP) is uncommon and usually associated with pregnancy and delivery. Whereas POP occurs in nonhuman primates \[[@pone.0152793.ref041]\], it is uncommon and almost always associated with complicated vaginal delivery. Thus, previous reports of POP in mice with various degrees of elastinopathy represented an unexpected opportunity to investigate the role of dysfunctional elastic fiber homeostasis in the pathogenesis of POP in humans. Previously, we found that (1) Fbln5 is required for assembly and organization of tropoelastin into mature elastic fibers, (2) Fbln5 aids in correct localization of lysyl oxidase-like-1 onto elastic fibers \[[@pone.0152793.ref042]\], (3) local injection of purified elastase results in postpartum prolapse of the vaginal wall, and (4) the RGD domain of Fbln5 is crucial to inhibit vaginal MMP-9 activity \[[@pone.0152793.ref014]\]. The results reported herein suggest that the normal elastic fiber network established during development and resultant suppression of MMP activation early in life is sufficient to maintain pelvic organ support in mice even with decreased Fbln5 in the vaginal wall and renders the host quite resistant to pregnancy- and injury-induced prolapse. Impaired Fbln5 function and increases in MMP9 in the vaginal wall may represent merely markers of increased risk for POP.

*Fbln5* knock-in mice in which the RGD domain of Fbln5 was mutated to RGE (*Fbln5*^*RGE/RGE*^) do not develop prolapse spontaneously and exhibit normal elastic fibers in connective tissues, including the vagina \[[@pone.0152793.ref014]\]. Interestingly, these mice also showed increased levels of MMP-9 in the vaginal wall and modest susceptibility to prolapse with inhibition of lysyl oxidase \[[@pone.0152793.ref014]\]. Our results in *Fbln5* cKO animals are congruent with findings in *Fbln5*^*RGE/RGE*^ mice emphasizing the crucial role of elastic fiber development in maintenance of pelvic organ support as adults. Using our strategy of generating conditional cell-specific loss of Fbln-5 resulted in only partial loss of this matrix protein in the vagina. Cell types other than vaginal stromal cells contribute to synthesis of Fbln5 and may also play a role in maintenance of vaginal support. For example, Fbln5 secreted from endothelial cells may lead to substantial content of the protein even when absent in α actin-expressing cells. Since the protein is secreted into the matrix, the relative contribution of each component in the vagina is not known. It is possible, that greater depletion of vaginal Fbln5 may lead to a more severe phenotype. Both MMP9 and Fbln5 expression are modulated by TGFβ signaling \[[@pone.0152793.ref043]--[@pone.0152793.ref045]\], and TGFβ signaling is further activated by MMP9. Although it is well-known that TGFβ contributes to tissue fibrosis through increased expression of matrix components, recent studies indicate that matrix stiffness itself contributes to fibrosis and TGFβ activation \[[@pone.0152793.ref046]\]. Fbln5 also increases tissue stiffness \[[@pone.0152793.ref046], [@pone.0152793.ref047]\], but also increases the fibrotic phenotype in skin \[[@pone.0152793.ref046]\]. Thus, we suggest that profound loss of fibulin-5 after elastase injury in CKO mice may result in reduced stiffness of pelvic connective tissue and prolapse of the pelvic organs. Future studies are needed to examine the relationship between fibulin-5 and TGFβ signaling in the vaginal wall.

Acquired decreased Fbln5 in the vaginal wall did not lead to prolapse under baseline conditions even for one year in mice. It is difficult to demonstrate significant impairment of elastic fibers in aging mice, however, simply because of their limited life span. Aside from findings in one report in which Fbln5 was proteolyzed in connective tissues as a function of age \[[@pone.0152793.ref026]\], most investigators resort to experimentally-induced degradation of elastic fibers to mimic elastic fiber defects associated with aging in humans \[[@pone.0152793.ref048]--[@pone.0152793.ref053]\]. Our model in which elastase was injected into the vaginal wall tissue revealed that conditional loss of Fbln5 predisposed to pelvic organ prolapse. We suggest that this model may thereby mimic elastic fiber degradation in aging women. Our previous finding in which certain protease inhibitors were decreased \[[@pone.0152793.ref018]\] whereas elastic fiber proteases were increased \[[@pone.0152793.ref014]\] in postmenopausal women with prolapse support this concept.

To translate these findings to humans, therefore, anatomical and physiological differences between mice and humans have to be taken into consideration. First, in mice, the pubic ligament undergoes significant remodeling and extension to allow for passage of the fetus. In women, this is not possible because a stable pelvic structure is necessary for bipedal function. Second, the fetal head of mice is small relative to that of human neonates. Finally, labor and delivery is rapid in mice. In women, prolonged distension of the pelvic floor with childbirth is believed to result in hypoxia, generation of free radicals and reactive oxygen species, which can activate matrix metalloproteases and tip the balance to the destruction of elastic fibers. Thus, childbirth in women is inherently more traumatic on connective tissues of the pelvic floor. It follows, therefore, that although severe perturbation of vaginal elastic fibers was necessary to elicit prolapse in cKO mice, women may be more sensitive to reduction of Fbln5 due to gravitational forces on the pelvic floor, more traumatic parturition, and loss of elastic fibers with age.

The authors wish to thank Dr. Mike Shipley (Washington University, St. Louis, MO) for transgenic mice harboring rtTA under the control of the smooth muscle α actin promoter and Mr. Greg Urquhart for technical assistance. This work was supported by NIH [AG028048](https://commons.era.nih.gov/commons/genericStatus.do?actionRole=nonPI&applID=7379991&uhf-token=H6qOASBU01l3b%2BFuPtCb9s31WLc%3D) and [HD064824](https://commons.era.nih.gov/commons/genericStatus.do?actionRole=nonPI&applID=7987297&uhf-token=nibDjLf4Yp39wt7fPqayHRZaByU%3D). Presented at the 33^nd^ Annual Scientific Meeting of the American Urogynecologic Society, 2012.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: CW HY RAW. Performed the experiments: KC CW HS SB TM RAW. Analyzed the data: CW HS SB TM RAW. Wrote the paper: KC CW HY RAW.

[^3]: Current address: Life Science Center of Tsukuba Advanced Research Alliance, University of Tsukuba, Tsukuba, Japan

[^4]: ‡ These authors are co-senior authors on this work.
